In this paper, a computationally efficient method that combines the subspace and principal singular vectors utilization for modal analysis (PUMA) is proposed for 3-D frequency estimation of multiple damped sinusoids. The perspective idea is the construction of 2-D sliced matrices from 3-D sinusoids, and then the 2-D sliced matrices are used to construct a set of covariance matrix to obtain the SVD of each covariance matrix. The available PUMA method is employed to estimate the frequencies and the damped factors in each dimension. Moreover, we can use existing matching algorithms to pair the 3-D frequency parameters. Only the original scale of sampled data is fully utilized, so the proposed method is more computationally attractive than the two existing methods.
Introduction
Frequency estimation of multiple damped sinusoids is widely used in MIMO channel estimation, wireless communication, nuclear magnetic resonance (NMR) spectroscopy and other fields. In recent years, many high-resolution subspace-based method of parameter estimation algorithm have been proposed, such as R-D Multidimensional Folding (MDF) algorithm [1] and Improved MDF (IMDF) algorithm [4] , R-D MUSIC algorithm [5] and Higher-Order SVD (HOSVD) algorithm [6] .Both MDF algorithm and IMDF algorithms are based on the conventional ESPRIT approach. IMDF algorithm handles parameters' mergers better, but due to the large matrix after the dimension reduction, the algorithm's computing complexity is high. HOSVD algorithm utilizes tensor decomposition method and constructs a rotation invariant equation, but the subsequent joint diagonalization algorithm in order to avoid the problem of pairing parameters takes more time in computation.
The algorithm for 2-D frequency estimation is usually extended to solve the problem of 3-D signal frequency estimation. The PUMA [7] algorithm is a classic twodimensional frequency parameter estimation method. Literature [8] proposed a method based on the subspace and projection separation of the 3D sinusoidal signal frequency parameter estimation, but this algorithm cannot estimate the signal's damping factors. In this paper, using the PUMA algorithm, we can accurately estimate the signal frequencies and the damping factors in each dimension .
Proposed Method
The 3-D sinusoidal signal model is given as follows: 1  2  3  1  2  3  1  2  3 , , 
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In order to estimate the first dimension's frequencies, we define the covariance matrix 1
From (3) (4) (7) (10) , the expectation of the formula 1 R can be expressed as 
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is corresponding left singular vector of eigenvalues. Through the previous analysis, we can
By (13), we write 1 S
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Computational Complexity
From the construction and computation of the proposed method we can derive that its computational complexity
While on IMDF algorithm, its computational complexity is 3 
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As to the HOSVD algorithm, its computational complexity is
where ( 1, n L n 2, 3) are the number of sub-arraymanifold of each dimension while applying smoothing technics. From the experiments, we can conclude that the computational complexity of the proposed algorithm is superior to IMDF algorithm and HOSVD algorithm.
Simulation Results
In this section, we present the proposed algorithm's performance simulation analysis in the case of white Gaussian complex noise. Signal parameter is set to 3 F , it can be seen obviously that with the increase of snapshot the complexity of IMDF grows faster than the others, followed by HOSVD. Therefore, the proposed algorithm is better than IMDF and HOSVD algorithm both in the performance and computing complexity. Meanwhile, the proposed algorithm can effectively estimate the frequencies' corresponding damping factors of each dimension.
Conclusion
A computationally efficient method that combines the subspace and PUMA algorithm is proposed for 3-D frequency estimation of multiple damped sinusoids. We use the constructed covariance matrices to obtain the SVD of each covariance matrix. Then we employ the PUMA method to estimate the frequencies and the damping factors in each dimension. Moreover, we can use existing matching algorithms to pair the 3-D frequency parameters.
